Relationships between various optical, physical, and chemical properties of biomass 12 combustion derived particles are characterized for particles produced from a wide range of fuels 13 and burn conditions. The modified combustion efficiency (MCE), commonly used to parameterize 14 biomass particle emissions and properties, is shown to generally have weak predictive capabilities, 15 especially for more efficient combustion conditions. There is, however, a strong relationship 16 between many intensive optical properties (e. 
The emitted OA from biomass combustion is somewhat light absorbing (Kirchstetter et al., 48 2004 ). Absorbing OA is commonly referred to as brown carbon (BrC), with properties that appear 49 to depend on the fuel and combustion conditions (Saleh et al., 2014; Laskin et al., 2018 ), which 50 affect particle organic composition (Jen et al., 2019) . However, the properties of primary BrC 51 absorption and, especially, understanding of the relationships between BrC absorption and other 52 particle properties and burn conditions is only beginning to be unraveled. Additionally, it is 53 established from theory and laboratory experiments that non-absorbing coatings on black carbon 54 and other strongly absorbing particles can enhance the absorption (commonly referred to as the 55 "lensing" effect but more accurately termed here the coating-induced enhancement) (Fuller et Here, we expand on current understanding of the relationships between various primary 61 particle properties and burn conditions by analyzing measurements of primary biomass burning 62 particles produced from combustion of a variety of fuel types, many of particular relevance to the 63 western U.S.. We demonstrate that various optical properties exhibit a strong relationship with the 64
[OA]/[BC] mass ratio, much stronger than their relationship with the MCE. We use the 65 measurements to quantify the individual contributions of BC, BrC and from internal mixing of BC 66 to the observed light absorption, and examine the variability in the properties of BrC specifically. 67
We uniquely characterize the mixing state of BC and OA, and how mixing state very between 68 individual burns and depend on the mean properties of the emitted particles. We characterize the 69 variability of OA-specific properties, including OA volatility, bulk chemical composition 70
(characterized by the O:C and H:C atomic ratio, and the presence of key marker ions), and, 71 uniquely, the relative abundance of organic nitrate species. We also examine the variability in the 72 emitted particle size distribution, both for the total particles and for the BC particles specifically. 73
Some of our analysis serves to support and extend previously determined relationships by 74 considering a wider range of conditions, while other aspects are unique to this study. These 75 observations provide a foundation for understanding and interpretation of experiments on the 76 influence of photochemical aging on biomass particle properties, discussed in a related paper (Lim 77 et al., 2019) . 78
Methods 79
All experiments were conducted during the Fire Influence on Regional to Global Environments 80 Experiment (FIREX) lab study, which took place at the Missoula Fire Sciences Lab in Missoula, 81
MT, USA during November, 2016. Numerous types of biomass were combusted in a large 82 chamber (12 x 12 x 19 m) and the smoke sampled to provide information on the physical, chemical, 83
and optical properties of the resulting smoke (i.e., particulate and gas emissions). The general fuels 84 types combusted included (exclusively or in combination): duff, dung, excelsior, straw, litter, 85 untreated lumber, rotten debris, woody debris, shrub, herbaceous, and canopy biomass. A complete 86 list of fuels and types is provided in Table S1 , with further details available on the U.S. National 87
Oceanic and Atmospheric Administration (NOAA) data archive 88 (https://esrl.noaa.gov/csd/projects/firex/). All data used in this publication are also available on the 89 NOAA archive, with the processed data summarized in complementary data repository (Cappa et 90 al., 2019a) . compared to BC, and light absorbing OA (aka BrC) typically exhibits a much stronger wavelength 179 dependence than BC. Based on these relationships, we divide the individual burns into different 180 classes ( Table 1) 
BC Mixing State 234
As discussed above, the relative amounts of OA and BC vary greatly between fuel types and 235 combustion conditions. However, the distribution of BC and OA between particles, and how this 236 varies between very different burn conditions, has not been previously explored in detail to our 237 knowledge. The bulk average fraction of OA that is internally mixed with BC versus OA that is 238 externally mixed from BC is determined using the HR-ToF-AMS and SP-AMS measurements. 239
The HR-ToF-AMS quantifies OA independent of mixing state, whereas the SP-AMS (as operated 240 here) quantifies only the OA that is internally mixed with BC. The fraction of OA that is internally 241 mixed with BC (fOA,int) is: 242 is more efficiently generated from flaming combustion while OA is more efficiently generated 254 from smoldering combustion. These observations demonstrate that the extent to which 255 atmospheric models can assume that all OA is internally mixed with or externally mixed from BC 256 at the point of emission will depend on the combustion conditions. 
Primary brown carbon absorption

319
The absorption due to brown carbon is determined by difference as: 320
321 where babs,BrC is the absorption due to BrC specifically. Importantly, the use of study-specific 322 MACBC,pure values serves to reduce systematic biases in the babs,BrC, compared to direct use of 323 literature MACBC,pure values. Assuming Eabs,coat = 1 provides an upper limit on the BrC absorption, 324 which we note is likely most appropriate for the particles sampled here, as discussed in the previous 325 section. Therefore, we use the upper-limit values throughout the analysis that follows, unless 326 otherwise stated. However, a lower limit for BrC absorption can be determined at 405 nm and 532 327 nm assuming that all of the enhancement at 781 nm results from coatings and not from BrC are an important contributor to BrC absorption. However, it is very likely that other functional 400 groups also contribute to the total absorption. 401
The MACBrC,405nm exhibits an inverse correlation with the f60/f44 ratio of the OA, although there is 402 substantial scatter in the f60/f44 ratio for a given particle class (Figure 6b 
Size distributions 415
Total particle mobility size distributions and BC-only size distributions were measured (Figure  416 7). Primary particle size distributions are important parameters specified in regional and global 417 models. The number-weighted and volume-weighted size distributionare generally described by 418 either one or two log-normal modes for individual burns; a two-mode fit provides a more robust 419 solution across all modes. The mass-weighted BC size distributions are similarly described by one 420 or two log-normal modes. A fit to the average number-weighted distribution across all particle 421 classes yields geometric median diameters (dp,N) and widths (g) of 60.3 nm and 1.76, respectively, 422 for the smaller mode and 153 nm and 1.64 for the larger mode (Figure 8) . The amplitude of the 423 smaller mode is 4.6 times the larger mode. A single mode fit yields dp,N = 68 nm and g = 1.93, 424 although the fit is poorer. Mann et al. (2014) report dp,N values used by a variety of global models 425 for biofuels. The models tend to use either 80 nm or 150 nm, although a few use other values (30 426 nm, 60 nm, 100 nm). Those using 80 nm typically use g = 1.80 while those using 150 nm typically 427 use g = 1.59, although there are exceptions. Our observations indicate that use of a bimodal 428 distribution within models would be more representative, but that a single mode can do acceptably. 429
We find that the volume-weighted distribution calculated from a single-mode fit to the number-430 weighted distribution is similar to the observed volume-weighted distribution (Figure 8) . Thus, 431 the use of a single-mode to represent biomass burning size distributions thus appears acceptable, 432 so long as the appropriate parameters are used. In this context, the widths of the distribution used 433 by the various global models appear somewhat too small. However, we note that the microphysics 434 occurring in the fresh smoke sampled here, which will govern the size distributions, may differ 435 from that in atmospheric plumes. 436
The average BC-specific mass-weighted size distribution mode is at 148 nm (Figure 8) . A 437 bimodal fit yields values for the mass median diameter (dp,M) and g of 137.2 nm and 1. for the difference, the total particle distributions would also be biased towards too small particles, 449 compared to the atmosphere. However, there is no relationship between dp,N and the total particle 450 number concentration for our experiments. Formation of secondary aerosol in the near-field of a 451 sampled ambient plume could also contribute to this difference. 452
There is substantial variability between individual burns within a given particle Class in terms 453 of the shape of the size distributions (Figure 7) . This variability is most evident for Class 1, 2 and 454 5, but present for all Classes. Nonetheless, the number-weighted mean diameter (dp,N,mean) appears 455 to decrease somewhat with MCE (Figure 9 ; r 2 = 0.38). However, the relationship is largely driven 456 by the Class 6 particles, which generally have lower MCE values, having larger dp,N,mean values. A 457 lack of any particularly clear relationship is consistent with Hosseini et al. (2010) , who observed 458 the dp,N,mean to exhibit a complex relationship with combustion conditions. The dp,N,mean varies non-459 (Figure 9 ). This is despite the notable burn-to-burn variability. It is important to note that 462 the mobility-based size is particle shape-dependent; very BC-rich particles are more likely to have 463 non-spherical shapes and thus have larger mobility diameters. This could explain the minimum in 464 dp,N around Class 3 particles, for which [OA]/[BC] = 10. 465
Some of the variability within a class appears related to the presence of different fuel types 466 within a class. Number-weighted and BC-specific mass-weighted size distributions by fuel type 467 are shown in Figure 10 . For the number-weighted distributions, leaf litter and rotten logs exhibit 468 the greatest variability between different burns, although we note that multiple burns were not 469 performed for all fuels. The shapes of the leaf litter, peat and "other" fuel types differ most notably 470 from the other fuel types, with the presence of more than one mode more apparent. (The "other" 471 category here includes non-traditional biofuels, specifically building materials and excelsior.) For 472 the BC-specific size distributions, the litter, canopy, and duff exhibited the greatest intra-fuel 473 variability. For most fuels, the BC-specific distribution peaks around 150 nm, as noted above. 474
However, for a subset of burns (eight of them) the BC-specific distribution peaks around 100 nm 475 (Figure 10) . These small BC-mode distributions occur for the OA-rich particle classes 4, 5 and 6 476 ( that is, when more of the OA is externally mixed from BC those particles that do contain BC 496 nonetheless have thicker OA coatings. The observed total particle size distributions are reasonably 497 well described by a single log-normal mode, but are better fit using a bimodal distribution. The 498 BC-specific size distributions are similarly best fit using a bimodal distribution, although a single 499 mode provides a reasonable representation. The dependence of the geometric median mobility 500 diameter on the burn conditions or particle state (i. for a fuel type colors. For some fuels there is only one size distribution. Bimodal log-normal fits 920 are the black lines. The "other" category includes non-traditional biofuels, specifically building 921 materials and excelsior. 922
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